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ABSTRACT: Efficient bimetallic nanocatalysts based on non-noble metals are highly
desired for the development of new energy storage materials. In this work, we report a
simple method for the synthesis of highly dispersed CuNi catalysts supported on
mesoporous carbon or silica nanospheres using low-cost metal nitrate precursors. The
mesoporous carbon-supported Cu0.5Ni0.5 nanocatalysts exhibit excellent catalytic perform-
ance for the hydrolysis of ammonia borane and decomposition of hydrous hydrazine with
100% hydrogen selectivity in aqueous alkaline solution at 60 °C. The chemical
composition and size of the metal particles, which have a significant influence on the
catalytic properties of the supported bimetallic CuNi materials, can readily be controlled by
adjusting the metal loading and ratio of metal precursors. An exceedingly high turnover
frequency of 3288 (molH2

molmetal
−1 h−1) and complete reaction within 1 min in

dehydrogenation of ammonia-borane were achieved over a tailored-made catalyst obtained
through precise monitoring of metal particle size, composition, and support properties.

KEYWORDS: nanocatalysts, bimetallic CuNi, synergistic effect, hydrogen generation, ammonia-borane, mesoporous nanospheres,
nanoporous carbon

■ INTRODUCTION

Bimetallic nanomaterials have attracted extensive theoretical
and practical interest.1−6 Catalytic properties of bimetallic
nanomaterials often differ significantly from the constituent
elements because of the modification of the surface geometric
and electronic structures.6−11 In addition to intrinsic changes in
the bimetallic nanocatalysts brought about by composition and
geometric features (e.g., particle size and shape), the electronic
perturbation of the catalytic sites due to electronic metal−
support interactions also has a strong influence on the inherent
reactivity.12−23 Therefore, the use of supported bimetallic
nanomaterials is an interesting and important strategy for
developing new catalysts with enhanced activity and selectivity.
Because catalysis occurs on the surface, there are economic and
fundamental incentives to produce catalysts in the form of
highly dispersed supported metal nanoparticles. This could be
achieved through the choice of a suitable support, the selection
of proper metal precursors and the preparation method.24−28

On the other hand, the safe and efficient storage of hydrogen
is recognized as one of the major technological barriers
preventing the widespread hydrogen on-board application.29−31

Catalyst-assisted hydrogen generation by decomposition of
hydrogen storage molecules is one of the most studied and
desired approaches toward a hydrogen-powered society.32−34

Among the potential candidates for effective chemical hydrogen
storage, ammonia borane (AB; NH3BH3) and hydrous

hydrazine (N2H4·H2O) with high hydrogen contents have
been shown to be promising hydrogen carriers for storage and
transportation.35−52 Binary metallic nanocatalysts based on the
combination of noble and non-noble metals have been widely
investigated for hydrogen release from both AB and
hydrazine.35−40 Although noble metal-based catalysts were
shown to be effective in these reactions, the high cost hinders
their widespread application, so that there is considerable
current efforts devoted to explore efficient alternatives based on
non-noble metals.37,41−43 For example, bimetallic Ni−Fe, Cu−
Co, Ni−Co nanoparticles were reported to be active catalysts
for these reactions.37,41,42,44,45 Nevertheless, the use of colloidal
nanoparticles will raise problems of handling, stability and
separation. Therefore, in the perspective of practical
applications, supported metallic catalysts are preferred to
avoid such problems.
Bimetallic CuNi nanocatalysts are of interest in heteroge-

neous catalysis for several important reactions such as methanol
synthesis, water−gas shift, and steam reforming.53−57 However,
to the best of our knowledge, exploration of supported CuNi
nanocatalysts in hydrogen generation from AB and hydrazine in
solution has not been performed. Herein, highly active,

Received: April 28, 2015
Revised: July 3, 2015
Published: August 7, 2015

Research Article

pubs.acs.org/acscatalysis

© 2015 American Chemical Society 5505 DOI: 10.1021/acscatal.5b00869
ACS Catal. 2015, 5, 5505−5511

pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/acscatal.5b00869


selective and robust catalysts composed of CuNi particles
supported on mesoporous carbon or silica nanospheres for
hydrogen generation both from AB hydrolysis and hydrous
hydrazine decomposition have now been revealed. The selected
supports exhibiting mesoporous structure and spherical
morphology at the nanoscale could provide high surface area
for high dispersion of the catalyst nanoparticles, as well as
efficient transport of the reaction agents. Among the supported
CuNi catalysts tested for AB hydrolysis reaction, the
mesoporous carbon-supported Cu0.5Ni0.5 catalyst exhibits the
highest catalytic activity with a TOF up to 3288 (molH2

molmetal
−1 min−1). Interestingly, the supported Cu0.5Ni0.5

nanocatalysts show 100% conversion of N2H4.H2O with
100% to H2 selectivity at 60 °C. To gain more insight into
this catalytic system, the influences of support structure,
compositions, as well as the size of the metal particles, on the
resulting catalyst reactivity were also substantiated.

■ RESULTS AND DISCUSSION
Evenly distributed CuNi nanoparticles supported on meso-
porous carbon nanospheres (MCNS) with varying composi-
tions and metal loading of 20 wt % were prepared using
inexpensive nitrate metal precursors by simple incipient
wetness method (see Supporting Information).
Transmission electron microscopy (TEM) and scanning

TEM high-angle annular dark field (HAADF-STEM) images
(Figure 1a,b and S1) clearly reveal spherical mesoporous

carbon particles (around 400−500 nm in size) with well-
dispersed metal nanoparticles. From the TEM observations, the
average particle size for the supported Ni and CuNi
nanoparticles was mainly ranging from 5 to 10 nm, whereas a
slightly larger particle size (13 nm) was observed for the
supported Cu nanoparticles. It can be observed that the
combination of Cu and Ni has a positive promoting effect on
metal dispersion. The elemental analysis by energy dispersive
spectroscopy (EDS) phase mappings (Figure 1c) demonstrates

the uniform dispersion of Cu/Ni elements over the support.
The compositional profiles of Cu and Ni along the line that is
indicated in the HAADF-STEM images (Figure 1d and S1b,e)
of CuNi/MCNS of different Cu/Ni ratios suggest that Cu and
Ni are distributed essentially in solid solution. This feature
agrees well with the X-ray diffraction (XRD) results (see
below) and the signal intensities are consistent with the
nominal compositions. The porosity of the prepared catalysts
was confirmed by N2 adsorption−desorption measurements.
All of the samples show type IV isotherms characteristic of
mesostructured materials with narrow pore size distribution
centered around 3 nm (Figure S2). Textural parameters of the
prepared catalysts are given in Table S1. Specific BET surface
area, pore size, and pore volume of the CuNi/MCNS are quite
comparable. Powder X-ray diffraction patterns (Figure 2) for
CuNi/MCNS of different compositions are typical for fcc
structures and the peaks can be assigned to (111) and (200)
planes.

In the case of Cu/MCNS, one minor characteristic peak of
Cu2O at 36.4° is observed. The broad and asymmetric peaks at
2θ = 42−46° and 48−52° of the XRD patterns of bimetallic
CuNi/MCNS can be resolved into two peaks corresponding to
a Cu phase and a CuNi alloy phase. The chemical states of
active metals in the near-surface region were obtained from
XPS analyses. The XPS spectra of Cu 2p exhibit peaks mainly
associated with metallic Cu0 and Cu+ with binding energy of Cu
2p3/2 and Cu 2p1/2 at 932.3 and 952.2 eV, respectively (Figure
3). In addition, the minor peaks located at 934.5 eV and low
intensity satellites at 940−945 eV can be attributed to
Cu2+.41,45,55,58 The presence of Cu2+ in the catalysts suggests
a thin oxidized layer formed during exposure of the samples to
air. Meanwhile, the XPS spectra of Ni 2p contain the main
peaks attributable to Ni2+ with the binding energy of Ni 2p3/2
and Ni 2p1/2 at 855.5 and 872.5 eV, respectively (Figure 3).

55,58

The dominant of Ni2+ state in the XPS profiles indicates Ni is
more susceptible to be oxidized than Cu.
Recently, catalytic hydrolysis of AB (H3NBH3 + 2H2O →

NH4
+ + BO2

− + 3H2) and decomposition of hydrazine have

Figure 1. (a) TEM image, (b) scanning TEM high angle annular dark
field (STEM-HAADF) image, and (c) the corresponding energy
dispersive spectroscopy (EDS) phase mapping with (d) line-scanning
profiles across the metal particles as indicated in the inset of
Cu0.5Ni0.5/MCNS catalyst.

Figure 2. Wide-angle XRD patterns of catalysts with various
compositions.
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received considerable research interest as potential approaches
toward hydrogen energy-based systems.32−34 Moreover, these
processes have been used widely as adequate model reactions
to study the catalytic properties of novel catalysts.35−51

The prepared supported CuNi nanocatalysts were first tested
for the catalytic hydrolysis of AB to generate H2 at 25−40 °C.
Figure 4a shows the plots of mass activity and apparent
activation energy calculated according to Arrhenius equation
(Figure S3) for AB hydrolysis catalyzed by CuNi/MCNS
nanocatalysts as a function of the composition. It can be
observed that the activity of the catalysts strongly depends on
the CuNi composition. Obviously, the H2 generation rates of all
bimetallic CuNi catalysts are greatly enhanced compared to the
corresponding monometallic counterparts.
Among the tested CuNi/MCNS catalysts, Cu0.5Ni0.5 shows

the highest mass activity of 23.5 molH2
gmetal

−1 h−1, and the
dehydrogenation reaction of AB is complete within 5 min at 25

°C (Figure 4b). An induction period from 0.5 to 4 min was
observed for the supported monometallic Cu and Ni catalysts,
whereas gas evolution was observed to occur immediately when
the catalyst was in contact with AB in the case of the bimetallic
CuNi nanohybrids (Figure 4b). It has been documented that an
induction period was often observed with fresh Cu- and Ni-
based catalysts.41,45,50−52 In AB hydrolysis, it is believed that the
formation of an intermediate species during the induction time
is essential to initiate the reaction. The formation of an
activated complex is usually postulated through the interaction
of an AB molecule with the surface of the solid catalyst, which
then dissociates upon attack of a water molecule, releasing
hydrogen.52 Thus, the interaction between Cu and Ni here
must facilitate the formation of the required activated
intermediate species. The apparent activation energies for
Cu0.25Ni0.75, Cu0.5Ni0.5, and Cu0.75Ni0.25/MCNS were deter-
mined to be approximately 54, 43, and 44 kJ mol−1,
respectively, whereas the monometallic Cu/MCNS and Ni/
MCNS catalysts show higher activation energies (i.e., 56 kJ

Figure 3. XPS spectra of catalysts with various compositions: (a) Cu/
MCNS, (b) Cu0.75Ni0.25/MCNS, (c) Cu0.5Ni0.5/MCNS, (d)
Cu0.25Ni0.75/MCNS, (e) Ni/MCNS.

Figure 4. (a) Mass activity at 25 °C and apparent activation energy as
a function of Cu molar fraction. (b) Plots of time vs volume of H2
generated from the hydrolysis of AB catalyzed by binary CuNi/MCNS
with different compositions. (H3NBH3 = 1.48 mmol, Metal/ [AB] =
0.036, H2O = 10 mL, T = 25 °C).

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b00869
ACS Catal. 2015, 5, 5505−5511

5507

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00869/suppl_file/cs5b00869_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b00869


mol−1 for Cu/MCNS and 60 kJ mol−1 for Ni/MCNS). These
results clearly indicate a catalytic synergistic effect in the
hydrolysis of AB over bimetallic CuNi nanocatalysts, which is in
agreement with our previous observations for nonsupported
nanocast catalysts.43

The prepared bimetallic CuNi/MCNS catalysts were further
examined in the catalytic decomposition of hydrazine. The
hydrogen of hydrazine could be released by complete and
desired decomposition through the pathway 1 or incomplete
and undesired decomposition to ammonia by pathway 2:34

→ +H NNH N 2H (pathway 1)2 2 2 2

→ +3H NNH 4NH N (pathway 2)2 2 3 2

Pathway 2 not only decreases the yield of H2 but also
produces ammonia as a byproduct, which would poison the
catalysts of hydrogen fuel cells. In our case, the prepared
bimetallic CuNi/MCNS catalysts exhibit high catalytic activity
in N2H4·H2O decomposition for hydrogen generation in the
presence of NaOH at 60 °C (Figure S4). Interestingly, all the
bimetallic CuNi/MCNS catalysts showed 100% selectivity to
H2 via pathway 1 and the reaction was complete within 50 min
in the case of Cu0.5Ni0.5/MCNS, whereas Cu/MCNS exhibits
much lower activity and selectivity (50.5%). However, in this
case, Ni/MCNS displays higher activity compared to
Cu0.75Ni0.25/MCNS and Cu/MCNS. The hydrogen generation
rate per unit mole of active metal over Cu0.5Ni0.5/MCNS is
about 21.8 h−1, which is even comparable to NiPt alloy
nanoparticles.39 It is worth noting that CuNi nanoparticles were
reported to show poor activity and selectivity to H2 (15%) at 70
°C in similar reaction conditions.37 The improved activity and
selectivity of the supported bimetallic CuNi nanocatalysts in the
present work may result from a different preparation method
and the type of metal precursors used, which are factors that
may strongly affect the structure and properties of the catalysts.
In general, surfactants and organic solvents which are
frequently used in preparations of nanoparticles may remain
on the catalyst surface and thus interfere in the catalytic
reaction.28,35 We have proven previously that the choice of
metal precursors has a great impact on the catalyst performance
in AB hydrolysis.43 In the present case, the variation trend of
activity for CuNi/MCNS catalysts with different Cu/Ni ratios
was found to be similar both for AB hydrolysis and hydrazine
decomposition reactions. This catalytic enhancement in both
reactions and the activation energy dependence on the catalyst
composition which we observed might arise from modifications
of the surface electronic structure in the bimetallic nano-
hybrids.10,12,15 The electronic effect on the binding strength of
intermediates is due to the change in the electronic structure of
a catalyst. For transition metals, the way their d-states interact
with the adsorbate largely determines the binding strength. The
rule is that the lower in energy the d-states are relative to the
highest occupied statethe Fermi energyof the metal, the
weaker the interaction with adsorbate states due to the
occupancy of antibonding states. The effect of alloying can
also be understood in terms of d-band shifts. The calculated d-
band centers of Cu and Ni are of −2.67 eV and −1.29 eV,
respectively.10 The d-band center position of CuNi alloy was
proven to shift upward from Cu to Ni, suggesting the binding
strength to CuNi bimetallic surface would lie in between Cu
and Ni. Thus, the interaction between CuNi bimetallic surface
and reacting species would neither be too weak nor too strong
as in the cases of Cu and Ni individual systems. According to

Sabatier’s principle, this would explain the enhanced activity of
CuNi bimetallic catalysts.1,10,53 It was proven theoretically and
experimentally that the electronic structure of a bimetallic CuNi
surface can be engineered by controlling compositions, which
substantially impacts the adsorbate binding energy and
consequently impacts the activity and selectivity of the
catalysts.53−57,59

In addition to composition, electronic metal−support
interactions and particle size of the active components usually
have a significant impact on the catalyst reactivity. Support
effect and size-dependent catalytic activity of metal nano-
particles in heterogeneous catalysis are well-documented for
many catalytic systems in various reactions.12−23 It would be
both of fundamental and practical interest to clarify the
influence of support and particle size for the supported CuNi
nanocatalysts. To do so, mesoporous silica MCM-48 and
mesoporous carbon CMK-1 nanospheres were also deployed as
supports,60−62 and metal particle sizes in a range of 6.7 to 18
nm were obtained by varying the metal loading (5−20 wt %).
Because the supported Cu0.5Ni0.5 nanohybrid has the highest
activity among the tested catalysts, this composition was
therefore applied to other supports. The ordered mesoporous
structures of MCM-48 and CMK-1 nanospheres were first
confirmed by low angle X-ray diffraction (Figures S5) with the
reflections appearing at low 2θ angles from 1 to 6°
characteristic of the Ia3d structure of MCM-48 and lower
symmetry I4132 of the nanocast mesostructure of CMK-1.60−62

Figure 5 and Figure S6 show typical TEM images and element
mapping of Cu0.5Ni0.5/MCM-48 and Cu0.5Ni0.5/CMK-1 with
various metal particle sizes. The ordered mesostructure of
MCM-48 and CMK-1 supports are also clearly observed from
the TEM images.

Figure 5. (a) HRTEM, STEM-HAADF images, EDS element
mapping and (b) corresponding metal particle size distribution
histogram of Cu0.5Ni0.5/CMK-1 with metal loading of 4.7 wt %. (c)
TEM, STEM-HAADF images and (d) EDS element mapping of
Cu0.5Ni0.5/MCM-48.
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The metal particles are well-dispersed with volume-averaged
particle size of 6.7, 10.6, and 18 nm for Cu0.5Ni0.5/CMK-1. For
Cu0.5Ni0.5/MCM-48, it can be observed that the metal particles
are highly dispersed in the silica matrix. Element mapping of Cu
and Ni confirms the uniform distribution of Cu and Ni for all
samples. The XRD pattern of Cu0.5Ni0.5/MCM-48 (Figure S7)
shows no visible peaks in the range of 2θ = 30−60°, suggesting
the metal particles immobilized on MCM-48 nanospheres
present an amorphous nature and/or are too small to be
detected by XRD, in agreement with TEM observations. The
visible diffraction peaks of Cu0.5Ni0.5/CMK-1 belong to the
(111) and (200) planes in fcc structure of Cu and CuNi alloy
phases (Figure S5). The porosity parameters obtained from the
nitrogen physisorption analyses (Figure S8, 9) of the prepared
catalysts are presented in Table S1. All of the mesoporous
supports (MCNS, CMK-1, MCM-48) possess high specific
surface area (1500−1600 m2/g) and narrow pore size
distribution in the range of 3−3.4 nm. The chemical states of
Cu and Ni obtained from XPS study of Cu0.5Ni0.5/CMK-1 are
similar to the Cu0.5Ni0.5/MCNS catalyst, meaning Cu, Cu+, and
Ni2+ coexist as main states on the surface of the catalysts. The
binding energies of Cu 2p appear primarily at 932.4 and 952.5
eV, characteristic of Cu and Cu+ (Figure S10), with an
additional shoulder at 934.5 eV and low intensity of shakeup
peaks indicating also the presence of Cu2+. The Cu 2p3/2 and
Cu 2p1/2 peaks of Cu0.5Ni0.5/MCM-48 shift slightly to higher
binding energy at 932.7 and 952.5 eV compared to Cu 2p of
Cu0.5Ni0.5 supported on carbon materials, indicating a larger
portion of Cu+ in the silica-supported catalyst. In addition, the
low intensity shakeup peaks characteristic of Cu2+ can be
observed. These results indicate that Cu species supported on
MCM-48 are primarily in the valence state of Cu+ and partly in
the states of Cu and Cu2+.
The activity of Cu0.5Ni0.5 supported on different mesoporous

materials with nominal metal loading of 20 wt % were tested in
AB hydrolysis. The activities of carbon-supported Cu0.5Ni0.5/
CMK-1 and Cu0.5Ni0.5/MCNS catalysts are comparable
(reaction completed within 2 min) and are 3-fold higher than
that of the silica-supported Cu0.5Ni0.5/MCM-48 catalyst
(reaction completed in 7 min) (Figure S11). Thus, one may
suggest that the observed differences in activity could be
associated with optimum metal particle size, electronic
metal−support interactions, facilitated mass transfer, or a
combination of these characteristics.
The apparent activation energy and effective reaction order

can be used as simple diagnostic criteria for estimation of mass-
transport limitations.63 If the mass transfer is the rate-
controlling step, the apparent activation energy is in the
range of less than 5−10 kJ mol−1 due to the weak dependence
of effective diffusivity upon temperature. According to Fick’s
first law, the rate of diffusion (interphase and intraparticle) is
proportional to the concentration gradient (i.e., it is first order).
In the case when interphase mass transfer limitations strongly
dominate, a first-order of reaction is observed. Under our
reaction conditions, hydrolysis catalyzed by both carbon- and
silica-supported CuNi catalysts was found to be essentially
independent of the AB concentration with a line slope of 0.02
and 0.07 for the silica- and carbon-supported catalysts,
respectively (Figure S12). In addition, the apparent activation
energy was found in the range 43−60 kJ mol−1 for the catalysts
with different Cu/Ni ratios. Note that the particle size of the
CMK-1 and MCM-48 supports are in the same range of about
150 nm, whereas the MCNS support has a larger particle size of

about 400−500 nm, while the pore sizes of the catalysts are
comparable. Thus, the effect of mass transfer can be viewed as
negligible in our reaction systems. Therefore, the substantially
higher performance of the carbon-supported catalysts originates
essentially from the intrinsic activity and/or the amount of the
active phases.
Interestingly, it is observed that the mean sizes of metal

particles of the three catalysts are different and decrease in the
order of Cu0.5Ni0.5/CMK-1 > Cu0.5Ni0.5/MCNS > Cu0.5Ni0.5/
MCM-48, which means that the activity of the catalysts seems
to decrease as the metal particle size decreases. In order to
study the particle size dependence of the catalytic activity, three
catalysts with metal average particle sizes of 6.7, 10.6, and 18
nm were obtained by using metal loading of 5, 10, and 20 wt %,
respectively, using the same support, CMK-1. The CMK-1 was
chosen as a support to examine the particle size effect owing to
the fact that the metals supported on CMK-1 carbon exhibit a
narrower particle size distribution, and, practically, the
dispersion of the metal particles is also more readily visible
on CMK-1. The mass activity in the catalytic AB hydrolysis
increases with the decreasing metal particle sizes of the catalysts
(Figure 6a and 6b). Remarkably, Cu0.5Ni0.5/CMK-1 with metal
particle size of 6.7 nm shows an extremely high activity, where
the hydrolysis is completed within 1 min and TOF value as
high as 3288 (molH2

molmetal
−1 h−1) is observed, which is

superior to any other non-noble metal-based catalysts reported
thus far and comparable to noble metal catalysts (Table
S2)36,48,49,51 Furthermore, the reusability tests reveal that this
catalyst is still highly active after six subsequent runs of AB
hydrolysis (Figure S13).
The activity normalized to theoretical surface area of the

metal particles, assuming spherical nanoparticles with all the
surface being catalytically available, however, decreases as the
metal particle size decreases, indicating that larger particles
seem more active than small ones in catalytic hydrolysis of AB
under the studied conditions. To clarify this, one may consider
different distribution of Cu and Ni species in the different
catalytic systems under study. Indeed, the surface Ni/Cu ratio
obtained from XPS analyses (Ni/Cu = 1.08/1) was found to be
close to the value in the bulk determined from ICP analyses for
Cu0.5Ni0.5/CMK-1 with metal particle size of 18 nm (see Table
S3 in the Supporting Information). However, the catalysts show
an enrichment in Ni at their surface as the metal particle size
decreases; that is, the surface Ni/Cu ratios are 1.28 and 2.36 for
Cu0.5Ni0.5/CMK-1 with particle sizes of 10.6 and 6.7 nm,
respectively. These results suggest that the coexistence of Cu
and Ni on the catalyst surface is essential to activate AB.
Furthermore, we observed that Cu0.5Ni0.5/MCNS having higher
metal dispersion with average particle size of 7.7 nm exhibits
slightly lower reaction rate compared to Cu0.5Ni0.5/CMK-1,
with mean metal particle size of 18 nm. This behavior could be
explained by the fact that Cu0.5Ni0.5/MCNS is also richer in Ni
on the surface, demonstrating a Ni/Cu ratio of 2.86. Therefore,
the positive effect originating from increasing surface metal area
due to smaller particle size can be balanced by a negative effect
brought by changes in the surface composition (i.e., enrichment
in Ni). Interestingly, although the surface Ni/Cu ratio of
Cu0.5Ni0.5/MCM-48 is 1.08, this catalyst shows much lower
activity compared to carbon-supported catalysts. Here, such a
sharp decline in catalytic activity for Cu0.5Ni0.5/MCM-48 may
be due to a stronger metal−silica interaction that could weaken
the Cu−Ni interaction. To examine the metal−support
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interaction, H2-temperature-programmed reduction (H2-TPR)
of the silica-supported catalysts was performed (Figure S14).
For comparison, TPR analyses of single metal silica-supported
materials (i.e., Cu/MCM-48 and Ni/MCM-48) were also
carried out. The resulting TPR profile of Cu/MCM-48 shows a
single reduction peak at 201 °C, which can be attributed to the
reduction of finely dispersed surface copper oxide species into
copper. Meanwhile, a broad peak appears at 420 °C for Ni/
MCM-48, corresponding to the reduction of nickel species in
interaction with the silica support.55,64 Note that the reduction
of single bulk NiO occurs at 350 °C, suggesting that the strong
Ni-silica interaction makes the nickel species more difficult to
reduce. For the Cu0.5Ni0.5/MCM-48 catalyst, a reduction peak
at 204 °C and a broad peak at around 400 °C can be assigned
to the reduction of finely dispersed copper oxide species and
nickel species closely interacting with the silica support,
respectively. Thus, the presence of a strong interaction between
nickel and silica could clearly impede the needed copper−
nickel interaction, which plays a vital role in enhancing the
catalyst reactivity.

■ CONCLUSIONS

In conclusion, we have presented the development of highly
efficient nonprecious bimetallic supported CuNi catalysts using
a simple incipient wetness with low-cost nitrate metal
precursors. The above results reveal that composition, size of
metal particle, and nature of support play critical roles in the
activity and stability of the catalysts. The mesoporous carbon-
spheres-supported bimetallic CuNi catalysts exhibit excellent
performance in the catalytic hydrolysis of AB and catalytic
decomposition of hydrous hydrazine with 100% H2 selectivity.
The metal particle sizes of the metal species can be controlled
in the range from 6.7 to 18 nm with narrow size distribution on
mesoporous carbon CMK-1 support simply by varying the
metal loadings (5−20 wt %). The mass activity of the
Cu0.5Ni0.5/CMK-1 catalyst was found to increase with
decreasing metal particle size; however, the activity normalized
to metal surface area declines slightly as the particle size
decreases. Such observed size-dependent activity could be
explained by modifications in surface composition as the
particle size decreases. The Cu0.5Ni0.5/CMK-1 possessing an
average metal particle size of 6.7 nm exhibits noticeably
superior activity for dehydrogenation of AB with TOF as high
as 3288 (molH2

molmetal
−1 h−1) under ambient conditions,

making it one of the best non-noble metal catalysts and even
comparable to noble metal-based catalysts. The Cu0.5Ni0.5
supported on mesoporous MCM-48 silica nanospheres exhibits
much lower activity for the AB hydrolysis reaction compared to
carbon-supported counterparts mainly due to the strong
nickel−silica interaction that could hinder the required Cu−
Ni synergistic interaction. The observed high performance of
the supported bimetallic CuNi nanocatalysts makes it possible
to propose that the alloying of Cu and Ni leads to modification
of the catalyst surface through intermetallic electronic
interactions, which consequently improves substantially the
reactivity of the metals.
Given that these two reactions are emerging as most

promising approaches for chemical storage of hydrogen toward
a hydrogen economy, the development of efficient and cost-
effective catalysts, as well as knowledge about reactivity and
selectivity of these reactions on nanocatalysts are of utmost
importance. The present findings demonstrate that the
optimum catalyst could be achieved through a combination
of bimetallic effect along with tuning metal particle size and a
proper choice of support.
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(63) Ertl, G.; Knözinger, H.; Schüth, F.; Weitkamp, J. Handbook of
Heterogeneous Catalysis, Vol. 1; Wiley: Berlin, 2008.
(64) Yin, A.; Wen, C.; Guo, X.; Dai, W.-L.; Fan, K. J. Catal. 2011,
280, 77−88.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b00869
ACS Catal. 2015, 5, 5505−5511

5511

http://dx.doi.org/10.1021/acscatal.5b00869

